ABSTRACT Commercial broilers are constantly exposed to airborne microorganisms and endotoxin (lipopolysaccharide, LPS). It has been shown that microbial contamination of the air was higher in broiler houses using floor litter than in broiler houses using netting-type floors. The current study evaluated the effect of housing conditions on blood leukocyte profiles and tested the hypothesis that, when compared to broilers reared in clean stainless steel cages (Cage group), broilers raised on floor litter (Floor group) should experience a higher environmental challenge and have a desensitized immune system that may exhibit better tolerance/resistance to subsequent intravenous LPS challenge. Hematological parameters were evaluated prior to and following i.v. administration of 1 mg/kg BW Salmonella typhimurium LPS (dissolved at 1 mg/0.25 mL in PBS) or i.v. injection of 0.25 mL/kg BW PBS alone. The results showed that prior to LPS/PBS injection, broilers in the cage group had higher heterophil and monocyte concentrations, a higher B cell percentage within the lymphocyte population, and a higher hetero-
INTRODUCTION
Endotoxin (lipopolysaccharide, LPS) is the major constituent of the outer membrane of gram-negative bacteria and is essential for bacterial growth and viability (Nikaido and Vaara, 1985) . LPS is also the major antigen of gramnegative bacteria recognized by the immune system of higher organisms, as many aspects of tissue injury caused by infection of gram-negative bacteria can be mimicked by LPS administration (Abbas et al., 2000) . The biological effects of LPS have been extensively studied in mammals (Rietschel and Westphal, 1999; Alexander and Rietschel, 2001) . LPS is capable of stimulating a variety of immunocompetent cells and activating the cytokine pathways that lead to the release of pro-inflammatory mediators, which initiate responses that culminate in fever, metabolic alter-2003 Poultry Science Association, Inc. Received for publication February 24, 2003 . Accepted for publication July 11, 2003. 1 To whom correspondence should be addressed: gferf@uark.edu. 1886 phil to lymphocyte (H:L) ratio in the blood. The i.v. LPS injection resulted in 25% mortality in the cage group and 42% mortality in the floor group within 8 h post-injection. LPS reduced the concentrations of total white blood cells (WBC) and all differential WBC except eosinophils and increased thrombocyte concentrations within 1 h postinjection in both groups. All of these values returned to their respective pre-injection levels within 48 h postinjection in the surviving birds. The two groups exhibited similar overall hematological changes after LPS injection except that the cage group showed a higher H:L ratio at 8 h post-injection and a lower B-cell percentage within the lymphocyte population at 48 h post-injection when compared with the floor group. We concluded that the immune systems of broilers reared on floor litter were desensitized and exhibited less pronounced leukocyte responses to i.v. LPS when compared with those of broilers reared in clean stainless steel cages. However, such desensitization of the immune system did not help broilers survive subsequent i.v. LPS challenge.
ations, and changes in vascular permeability and resistance (Baumgartner et al., 1999; Hurley and Levin, 1999) . Coordinately, multiple control mechanisms including anti-inflammatory cytokines are activated that limit and eventually may terminate inflammatory responses (Baumgartner et al., 1999; Suffredini and O'Grady, 1999) . The balance between pro-and anti-inflammatory cytokines determines the net response of the host. It was generally believed that overproduction of pro-inflammatory cytokines in severe sepsis causes damage to endothelial cells, resulting in changes in vascular tone, disseminated intravascular coagulation, and other complications that ultimately lead to multiple-organ failure and death (Abbas et al., 2000) . Depending upon the amount and route of introduction, LPS is also capable of producing Abbreviation Key: H:L ratio = Heterophil to lymphocyte concentration ratio; LPS = lipopolysaccharide, endotoxin; m-a-c mAb = mouse anti-chicken monoclonal antibody; RBC = Red blood cells; PBMC = peripheral blood mononuclear cell; TCR = T-cell receptor; WBC = white blood cells.
beneficial effects for the host. For example, low amounts of LPS gain access to body fluids and organs by infection, and translocation from the gut is beneficial for the host by causing immunostimulation, which leads to enhanced resistance to infection (Vogel and Hogan, 1990; Alexander and Rietschel, 2001) . It has been reported that broilers exposed to Escherichia coli LPS exhibited better antiviral activities toward Newcastle disease virus (El Tayeb and Hanson, 2001) . The available evidence suggests that broilers and mammals respond to LPS similarly in their production of cytokines and antibodies and in their hemodynamic responses to LPS (Sunwoo et al., 1996; Nakamura et al., 1998a,b; Weining et al., 1998; Rautenschlein et al., 1999; Xie et al., 2000; Wideman et al., 2001; Wang et al., 2002a,b) , although tolerance to LPS is greater in birds than in mammals (Smith et al., 1978; Adler and DaMassa, 1979; Roeder et al., 1989) . However, relatively limited information is available on systemic responses to LPS in chickens (Smith et al., 1978; Xie et al., 2000) .
Studies on air hygiene in chicken houses indicate that airborne LPS is present in amounts that are positively correlated to the amount of dust in poultry houses (Zucker and Muller, 2000) . The respirable dust concentrations and numbers of airborne microorganisms are higher in broiler houses in which floor litter is used than in netting-floored houses, and the contamination of the air increases in proportion to the rearing density of birds (Petkov and Tsutsumanski, 1975; Madelin and Wathes, 1989) . The immune status of broilers, as indicated by blood leukocyte profiles or heterophil to lymphocyte concentration (H:L) ratios in the blood, can be affected by various environmental factors, including heat and cold regimens, feed restriction, and disturbance of the social order of the flock (Gross and Siegel, 1983; Gross, 1989; McFarlane and Curtis, 1989; Maxwell et al., 1992; Zulkifli et al., 1994) . However, the impact of a dirty environment, such as floor litter, on the response of broilers to an intravenous challenge with LPS, specifically blood leukocyte profiles and H:L ratios, has not been documented. It has been reported that prior exposure to LPS induces a state of immunoparalysis known as LPS tolerance in both mammals and birds, which is considered an adaptive response aimed at protecting the host from inflammatory injury (Smith et al., 1978; Hadid et al., 1996; Cao et al., 1997; Karp et al., 1998; Chautard et al., 1999; Wysocka et al., 2001) . Thus, responsiveness to LPS may differ in broilers reared on floor litter compared to those reared in clean cages.
In the current study we compared broilers reared in clean stainless steel cages (the cage group) with those reared on floor litter (the floor group) on the basis of their responsiveness to LPS. Aspects examined included changes in concentrations of various blood cells and proportions among blood lymphocyte subpopulation, prior to and at 1, 8, and 48 h following intravenous injection of Salmonella typhimurium LPS.
MATERIALS AND METHODS

Animal Management
Male broilers from a commercial hatchery 2 were transported on the day of hatch to the Poultry Environmental Research Lab at the University of Arkansas Poultry Research Farm. Chicks assigned to the floor group (n = 110) were placed on fresh wood-shavings litter in an environmental chamber (8 m 2 floor space, 2 tube feeders and 2 bell waterers). Food and water were checked daily, and waterers were cleaned each day. Chicks assigned to the cage group (n = 70) were placed in a 12-cage stainless steel battery (3 levels of 4 cages, cup-type automatic waterers and trough feeders) in the adjacent chamber. Absorbent paper was placed under the wire of the cage floor to collect feces, down, and dander materials, and the paper was changed daily. Each cage was 60 cm long × 60 cm wide × 40 cm high (3,600 cm 2 floor space) and housed 5 to 6 birds. Chicks in both chambers were brooded at 33°C on d 1 to 5, 29°C on d 6 to 10, 27°C on d 11 to 17, and 21°C thereafter. Both chambers shared the same ventilation system, and the ventilation rate was equal for both groups (2.832 m 3 /min per chamber). Water and a corn-soybean meal broiler ration (22.7% CP, 3,059 kcal ME/kg) formulated to meet the NRC (1994) standards were provided ad libitum. The lights were on for 24 h/d through d 5 and for 23 h/d thereafter. The same caretaker took care of the birds each day.
Experiment 1
LPS Administration and Blood Collection. At 47 d of age, 12 birds (2,700 ± 62 g; mean ± SE) from the floor group and 12 birds (2,312 ± 75 g; mean ± SE) from the cage group (1 per cage) were randomly taken in alternating order for blood sample collections and administration of LPS. A 3-mL venous blood sample (pre-injection sample) was withdrawn from the wing vein into a heparinized syringe. Bacterial LPS from Salmonella typhimurium 3 was dissolved at 4 mg/mL in PBS, stored at −80°C in sealed vials containing l mL aliquots, and thawed immediately prior to use. After a pre-injection blood sample was collected, LPS was injected through the wing vein at a dosage of 1 mg/kg BW (0.25 mL/kg BW). Blood samples were again collected using heparinized syringes at 1, 8, and 48 h post-injection (3 mL/bird at each time point). Aliquots of blood were used for assessing concentrations of various blood cells and lymphocyte subpopulation analysis. The birds were euthanized with CO 2 at the end of the experiment.
Differential Cell Counts and Lymphocyte Subpopulation Analysis. An automated hemotology analyzer (Cell-Dyn 3500 system 4 ), which had been standardized for analysis of chicken blood, was used to determine the concentrations (n cells/µL) of total white blood cells (WBC), differential WBC (heterophil, lymphocytes, basophils, eosinophils, monocytes), red blood cells (RBC), and thrombocytes.
For flow cytometric cell population analyses, peripheral blood mononuclear cell (PMNC) suspensions were prepared from whole blood by Ficoll density gradient separation (Histopaque 1077 3 ) and fluorescently stained according to Erf et al. (1998) . To identify lymphocytes in the mononuclear cells suspensions, cells were incubated with a mouse anti-chicken monoclonal antibody (m-a-c mAb) specific for K55 5 (Cloud et al., 1992) ), a dual immunofluorescent staining procedure was followed using FITC conjugated m-a-c CD4 mAb 6 (Chan et al., 1988) and phycoerythrin (PE)-conjugated m-a-c CD8α mAb 6 (Chan et al., 1988) . T lymphocytes expressing a γδ T-cell receptor (TCR1) were detected using a biotinylated m-a-c TCR1 mAb 6 and quantum red-conjugated strep-avidin. B lymphocytes were identified using FITC-conjugated m-a-c Bu-1 mAb 6 (Rothwell et al., 1996; Tregaskes et al., 1996) . Staining controls included cells incubated with appropriate isotype control antibodies 3 to detect nonspecific binding of primary antibodies, as well as cells incubated with diluent instead of primary antibody for the indirect staining procedures. For dual staining analyses, cell suspensions single stained with either m-a-c CD4-FITC or m-a-c CD8α-PE were also prepared to be used as compensation controls for flow cytometric analysis. Cell population analysis was carried out using a Becton Dickinson FACSort flow cytometer.
7 To set up the flow cytometer for analysis, unlabeled cells and isotype control samples were used to define the lymphocyte/thrombocyte population (based on forward and side scatter) and to distinguish fluorescence-positive from fluorescence-negative cell populations. Compensation controls were used to subtract FITC fluorescence (FL-1) detected by the PE detector (FL-2) and vice versa, to reliably determine single and double-fluorescing cell population in dual stained samples (Erf et al., 1998) . For each sample, 10,000 cells were acquired, and the percentage of various cell populations in the PMNC population was determined using CellQuest software. 7 As thrombocytes make up the majority of cells in the PMNC population, proportions of lymphocyte subpopulations in each sample were adjusted based on the percentage of lymphocytes in the sample by dividing the percentage of the lymphocyte subpopulation by the fraction of K55 + lymphocytes. 
Experiment 2
To evaluate the effect of repeated handling and bleeding on the blood cell profiles of the birds, a supplemental experiment was conducted using the same batch of birds as those used in experiment 1. Five birds from each group (cage group, 2,242 ± 117 g; floor group, 2,838 ± 86 g; mean ± SE) were injected on d 49 with PBS (0.25 mL/kg BW).
Blood samples were collected at pre-injection and 1, 8, and 48 h post-injection and analyzed as described for the samples from the LPS-injected birds in experiment 1.
Data Analysis
For both experiments, data within a group over time (across sample intervals) were analyzed using the SYS-TAT repeated measures analysis of variance procedure, and means were differentiated by least significant difference method (SPSS Inc., 2000) . The SYSTAT t-test was used to compare means of different groups at a single time point (P ≤ 0.05). The pre-injection data from the 2 experiments were pooled within each environment, and means of the 2 environments (cage vs. floor) were compared using the SYSTAT t-test with significance set at P ≤ 0.05.
RESULTS
Intravenous injection of 1 mg LPS/kg BW in broilers quickly produced clinical symptoms including diarrhea, lethargy, and avoidance of feed and water. Three birds from the cage group and 5 birds from the floor group died within 8 h post-injection (mortality 25 and 42%, respectively; P ≤ 0.05). No clinical symptoms or mortality were observed in the PBS-injected birds. The two groups did not differ in RBC concentrations initially or at any interval post-injection in experiment 1. The RBC concentrations of both groups remained unchanged at 1 h postinjection (P ≥ 0.05), but declined to values lower than their respective pre-injection values by 8 h post-injection and remained low at 48 h post-injection (P ≤ 0.05, Figure  1 ). Similar changes in RBC concentrations were also found in PBS-injected birds in experiment 2 (Table 1) . Thus, it appears that the decreases in RBC concentrations in LPSand PBS-injected broilers were caused by repeated bleeding.
In experiment 1, the cage and the floor groups had similar initial thrombocyte concentrations. The thrombocyte concentrations increased about 1-fold by 1 h after injection of LPS (P ≤ 0.05) and then returned to their respective pre-injection levels by 8 h post-injection in both groups (Figure 1 ). Injection of PBS in experiment 2 did not cause the thrombocyte concentration to change in either group with the exception of an increase at 48 h post-injection in the floor group (Table 1) . The circulating total WBC concentrations for the cage and the floor groups in experiment 1 were similar prior to LPS injection (P ≥ 0.05). The WBC concentration declined by two-thirds in both groups within 1 h post-injection (P ≤ 0.05) and FIGURE 1. Experiment 1: Circulatory red blood cell (RBC) concentration (top panel), thrombocyte concentration (second panel), white blood cell (WBC) concentration (bottom panel) for 7-wk-old male broilers in the cage group (mean ± SEM, n = 12 at 0 and 1 h, n = 9 at 8 and 48 h) and floor group (mean ± SEM, n = 12 at 0 and 1 h, n = 7 at 8 and 48 h) prior to endotoxin injection (0 h), and at 1, 8, and 48 h post-injection. Asterisks (*) denote values that differ from the pre-injection value of the same group (P ≤ 0.05). Throughout the experiment, the concentrations of RBC, thrombocytes, WBC did not differ between the cage and floor groups within any sample interval (time point) (P > 0.05).
then recovered to pre-injection levels by 8 h post-injection (Figure 1 ). In comparison, injection of PBS did not change the total WBC concentration within 48 post-injection in either group in experiment 2 ( Table 1) .
The circulating concentrations of four types of differential leukocytes (lymphocyte, heterophil, monocyte, and basophil) declined within 1 h after injecting LPS in both groups (Figure 2 , P ≤ 0.05). For the floor group, all of these leukocyte concentrations recovered to their respective pre-injection levels by 8 h post-injection. The monocyte concentration in the floor group rose above the respective pre-injection level at 48 h post-injection. In the cage group only the basophil concentration returned to the pre-injection level by 8 h post-injection of LPS. Lymphocyte and monocyte concentrations at 8 h post-injection were still lower than their respective pre-injection values in the cage group, and the heterophil concentration at 8 h post-injection was higher than its pre-injection level. Lymphocyte, heterophil, monocyte, and basophil concentrations all returned to pre-injection levels by 48 h postinjection in the cage group. The cage and the floor groups did not differ in any of the concentrations of the four types of leukocytes prior to or during any intervals postinjection, with the exception that the initial heterophil concentration was higher in the cage group than in the floor group (Figure 2) .
In experiment 2, PBS injection did not consistently affect differential leukocyte concentrations (Table 1) . When compared with pre-injection values, the cage group had a lower lymphocyte concentration at 8 h post-injection, whereas the floor group had higher heterophil and monocyte concentrations at 8 h and 48 h post-injection, respectively (Table 1) . For both groups, the post-injection basophil concentrations did not differ from pre-injection levels. When the 2 groups were compared within each interval, they did not differ in most of the comparisons except that the cage group had a higher heterophil concentration prior to PBS injection and a higher monocyte and basophil concentration at 8 h post-injection of PBS (Table 1) . Wide variations in eosinophil concentrations occurred in both experiments. No group-or time-related differences were found in any of the comparisons performed in the current study ( Figure 2 , Table 1 ).
The initial heterophil to lymphocyte (H:L) ratios for the cage and the floor groups were similar in experiment 1. For both groups, the H:L ratio declined below the preinjection level at 1 h post-injection. By 8 h post-injection, the H:L ratio increased approximately 5-fold in the cage group and 1-fold in the floor group when compared to the pre-injection values and then returned to the preinjection level at 48 h post-injection in both groups. The cage group had a higher H:L ratio than the floor group at 8 h post-injection but not during other sample intervals (Figure 2) . In experiment 2, the cage group had a higher initial H:L ratio than the floor group. Injection of PBS resulted in about 1-fold increase in the H:L ratio at 8 h post-injection in both groups. The 1 h and 48 h postinjection H:L ratio were not different from corresponding pre-injection values in either group (Table 1) .
The effect of blood-borne LPS on the proportions among the lymphocyte subsets was examined by flow cytometry (Figure 3) . For both groups, the percentage of CD4 +
CD8
− lymphocytes, which are mostly helper T cells, remained unchanged up to 8 h post-injection, but increased more than 2-fold at 48 h post-injection. When Superscript letters designate difference between the two groups at a single interval (P ≤ 0.05).
1
Data are means ± SEM, n = 5. 
CD8
+ lymphocytes was also observed in the cage group (Table  2) . In experiments 1 and 2, the floor and cage groups did not differ in the percentages of CD4-and CD8-defined lymphocytes or in the CD4
cyte ratios within any sample interval ( Figure 3 , Table 2 ). In experiment 1, when compared to pre-injection level, the percentage of Bu-1 + lymphocytes (B cells) in the floor group was unchanged at 1 and 8 h post injection and then increased at 48 h post-injection. In the cage group, the percentages of B cells did not change after LPS injection. Although the 2 groups did not differ initially in B-cell percentage, the percentage of B cells in the floor group was higher than in the cage group at 48 after injecting LPS (Figure 3 ). In experiment 2, the percentage of B cells declined at all intervals after PBS injection in the cage group and at 8 h post-injection in the floor group. The cage group had higher B-cell percentages than the floor group at all times examined, except at 48 h after injecting PBS (Table 2) . LPS injection caused the percentage of TCR1 + lymphocytes (γδ T-cell receptor-expressing lymphocytes) to decrease by 1 h post-injection in both groups in experiment 1. The percentage of TCR1 + lymphocytes returned to pre-injection level by 8 h post-injection in the floor group and by 48 h post-injection in the cage group. The two groups did not differ in TCR1 + lymphocyte percentages at any of the times examined (Figure 3 ). In experiment 2, the percentage of TCR1 + lymphocytes in the floor group was lower at 8 h after-injecting PBS than in the pre-injection sample interval. Both groups initially had similar percentages of TCR1 + lymphocytes; however, the percentage of TCR1 + lymphocytes in the floor group increased above that of the cage group at 48 h post-injection (Table 2) . When pre-injection data from experiments 1 and 2 were pooled within each environment, it was found that, when compared to broilers reared on floor litter, birds kept in clean cages had higher heterophil and monocyte concentrations, higher percentage of B lymphocytes, and higher H:L ratio in the blood. Birds from the 2 environments did not differ in the remaining variables examined (Table 3) .
DISCUSSION
Based on pre-injection values, the current study showed housing conditions affected blood leukocyte pro-FIGURE 2. Experiment 1: Concentrations of circulatory differential leukocytes and heterophil to lymphocyte (H:L) ratio for 7-wk-old male broilers in the cage group (mean ± SEM, n = 12 at 0 and 1 h, n = 9 at 8 and 48 h) and floor group (mean ± SEM, n = 12 at 0 and 1 h, n = 7 at 8 and 48 h) prior to endotoxin injection (0 h files in broilers and resulted in differences in the H:L ratio between broilers reared on floor litter and those kept in clean cages. It has been reported that various environmental factors, including heat stress, chilling, noise, feed restriction, and disturbance of the social order of the flock can affect the immune status of broilers when measured by H:L ratio in the blood or plasma corticosterone concentration (Edens and Siegel, 1975; Gross and Siegel, 1983; Gross, 1989; McFarlane and Curtis, 1989; Maxwell et al., 1992; Zulkifli et al., 1994) . The changes in H:L ratio in response to environmental stress are less variable and more enduring than the corticosterone response, and so the H:L ratio is considered a better indicator for chronic stress in the environment, whereas corticosterone is a better measure for short-term stress (Gross and Siegel, 1983) . For example, circulating corticosterone in chickens peaks and then begins to decline after 70 min of heat stress Siegel, 1975, 1976) . Another study showed that plasma corticosterone concentration at the end of a 7-d-long heat stress is not different from the prestress value, whereas the H:L ratio is increased (McFarlane and Curtis, 1989) . The current study indicated that, when compared to broilers raised in a floor litter environment, broilers kept in a clean cage environment where fecal and dander materials were removed daily appeared to be more stressed because they displayed a higher H:L ratio in the blood. Broilers kept in the clean cages also had higher monocyte and heterophil concentrations and a higher percentage of B lymphocytes than those kept on floor litter (Table 3 ). These differences in amount and proportions of circulating leukocytes may suggest a greater need for phagocytic and humoral immune activity in broilers reared in cages. The differences between broilers kept in the two environments observed here may also be related to leg problems (e.g., knee lesions) and associated inflammation, which were observed in about one-third of the birds kept in cages but not in any of the chickens kept on floor litter. Despite the initial differences in the immune status of broilers kept in the cage and floor environments, broilers in both environments responded similarly to i.v. administration of LPS with respect to the changes in the peripheral concentrations of various blood cells. LPS injection raised circulating thrombocyte concentrations by 1-fold at 1 h post-injection in broilers of both groups (Figure 1) . Chicken thrombocytes are functional analogs of mammalian platelets in terms of their primary function in homeostasis (DaMatta et al., 1998; Meseguer et al., 2002) . Contrary to the thrombocyte response in the current experiment, studies on mammals reported a biphasic decrease in blood platelets (thrombopenia) after i.v. LPS administration, first a rapid and transient fall within minutes followed by slow decrease or plateau stage for a few hours (Itoh et al., 1996; Shibazaki et al., 1996) . This phenomenon was attributed to rapid and transient accumulation in the pulmonary vascular bed and sustained sequestration of platelets in the liver and spleen (Pearson et al., 1995; Itoh et al., 1996; Shibazaki et al., 1996 Shibazaki et al., , 1999 Kawabata et al., 2000; Endo et al., 2001; Wagner et al., 2002) . Transient pulmonary vasoconstriction following LPS injection observed in our previous studies also implicated transient thrombocyte accumulation and degranulation in the pulmonary vasculature in broilers (Wideman et al., 2001; Wang et al., 2002a,b) . The heightened concentrations of thrombocytes within 1 h after LPS injection in broilers may in part be due to homeostatic signals to recruit thrombocytes from other tissues, including a release of thrombocytes from the lungs as well as the bone marrow where thrombocytes originate (Glick, 2000) . Considering that, in addition to a function in maintaining homeostasis, avian thrombocytes are nucleated cells that have conspicuous phagocytic function toward carbon particles and bacteria (Chang and Hamilton, 1979; Awadhiya et al., 1980; DaMatta et al., 1998) , these functional differences Superscript letters designate difference between the two groups at a single interval (P ≤ 0.05). between mammalian platelets and avian thrombocytes may also explain the differences in their circulating levels in response to LPS challenge. The total WBC concentration decreased to a similar degree in both groups at 1 h post-injection of LPS (71% in the cage group and 67% in the floor group) (Figure 1 ). All differential leukocytes except eosinophils contributed to this decrease in WBC concentration, with the greatest reductions being among heterophil and monocyte concentrations (the average values of both groups decreased by 83 and 78%, respectively) ( Figure 2) . By 48 h postinjection of LPS, all WBC concentrations returned to preinjection values, except for a higher monocyte concentration in the floor group. However, the dynamics of restoration of pre-injection levels between 1 and 48 h was different for different leukocytes. In the floor group, the concentration of lymphocytes, heterophils, monocytes, and basophils returned to pre-injection levels by 8 h post- Superscript letters designate difference between the means of broilers kept in the two environments (P ≤ 0.05). injection of LPS. In the cage group, lymphopenia and the low concentrations of monocytes were maintained at 8 h post-injection of LPS, and the basophil concentration had returned to pre-injection levels, whereas the heterophil concentration rose well above pre-injection levels at this time point (Figure 2 ). These differences between the cage and floor groups in restoring LPS-induced leukopenia suggest less pronounced inflammatory activity in the floor group. In both groups, the changes in WBC concentrations observed following challenge with LPS were not due to handling of the birds and blood sample removal, as WBC concentration did not change over time following injection of PBS (Table 1) , with the exception of a slight decline in lymphocyte concentrations in the cage group at 8 h post-injection of PBS and an increase in the heterophil concentration in the floor group at the same time point. Hence, the changes observed in response to LPS-injection can be attributed to the effect of LPS and are likely due to LPS-induced increases in pro-inflammatory cytokines.
Using real-time quantitative reverse transcription (RT)-PCR, it was recently demonstrated that invasion of Salmonella typhimurium of primary chick kidney cell cultures resulted in an 8-to 10-fold increase in the production of the pro-inflammatory cytokine interleukin-6 (Kaiser et al., 2000) . Overall, the peripheral blood leukocyte dynamics in broilers in the current study are similar to the patterns observed in mammals following LPS administration. Studies in mammals reported decreases in total WBC of 45 to 70% within 1 h of i.v. administration of LPS, and this leukopenia likely represents intravascular margination of leukocytes (Suffredini and O'Grady, 1999; Wilson et al., 2001; Wagner et al., 2002) . Following the leukopenia in mammals, the neutrophil count increased and peaked at 8 to 12 h post-treatment and returned to baseline level by 24 h post-treatment. Accompanying the rise in neutrophils, the blood concentrations of monocytes and lymphocytes declined (Richardson et al., 1989; Suffredini and O'Grady, 1999) . The drastic decrease in the total lymphocyte concentration in both groups (Figure 2 ) by 1 h post-injection of LPS was due to a drop in all subpopulations of lymphocytes examined. Studies on humans reported i.v. LPS-induced lymphopenia that was constituted by decreases in the blood concentrations of both CD4 + and CD8 + subsets (Krabbe et al., 2002) . It was suggested that some of these disappearing cells undergo programmed cell death or are redistributed to the spleen and lymph nodes (Krabbe et al., 2002 
CD8
+ lymphocytes in the periphery, except that CD8 expression on these cells is low and the CD8 molecules expressed tend to be a αα homodimers instead of a αβ heterodimers (Luhtala et al., 1997; Erf et al., 1998; Luhtala, 1998) . Functionally, these cells have been described as T-helper cells (Luhtala et al., 1997; Luhtala, 1998 In both groups, the changes in heterophil and lymphocyte concentrations in response to LPS resulted in elevated H:L ratios at 8 h post-injection. Based on the heightened H:L ratio following PBS injection, it appears that the increase in the H:L ratio following LPS injection was in part due to the stress associated with handling and bleeding of the birds (Table 1) , with LPS making the stronger contribution to this increase. A similar increase in the H:L ratio following LPS challenge was observed by Xie et al. (2000) , who reported a higher H:L ratio at 12 h post-injection in LPS-injected 3-wk-old broilers compared to PBS-injected 3-wk-old broilers. The observed effect of LPS on the H:L ratio is also in accordance with reports in chickens qualifying LPS as a stressor based on increased plasma corticosterone and H:L ratio posttreatment and adrenal hypertrophy observed after prolonged exposure to LPS (Butler and Curtis, 1977; Chang et al., 1996; Nakamura et al., 1998a; Takahashi et al., 2002) , lending further support for the integration of the nervous and immune systems in their responses to stress or immunological challenges (Smith and Blalock, 1988; Trout and Mashaly, 1994; Besedovsky and del-Rey, 1996) . The observed increase in the H:L ratio at 8 h post-injection of LPS in the current study was substantially higher (approximately 3 times) in the cage group compared to the floor group, a trend also observed in the PBS controls. These observations confirm quantitative differences in the blood leukocyte profile response to stressors between the cage and floor groups, which may indicate a desensitization of the immune system in broilers kept on floor litter when compared to those reared in clean cages. This desensitization was presumably due to previous excessive exposure to airborne LPS in the floor litter environment.
Although the floor group appeared to be less sensitive to i.v. LPS treatment in terms of the H:L ratio when compared to the cage group, this desensitization of the immune system did not help birds in the floor group survive the i.v. LPS challenge, as mortality following LPS administration was 25 and 42%, respectively. Hepatic injury by infiltrating and activated neutrophils were among the first events that led to death in LPS-injected animals (Moulin et al., 2001) . Congestion and focal fibrinoid necrosis in the liver and spleen were found in broilers treated with i.v. LPS (Smith et al., 1978) . However, no mortality occurred in 3-wk-old broilers that were i.v. injected 5 mg/kg S. typhimurium LPS (Xie et al., 2000) . Nevertheless, in the current study, total mortality in 7-wk-old broilers that received 1 mg/kg S. typhimurium LPS was 33%. It is possible that broilers of different ages have different tolerances to LPS. It has been documented that the febrile response following LPS administration in chickens is age related (Jones et al., 1983) . Tolerance to LPS may also be dependent on LPS clearance time. Studies on mammals found that intravenously injected LPS was cleared from the bloodstream rapidly and was primarily localized in hepatocytes, Kupffer cells (hepatic macrophages), and splenic macrophages (Tesh, 1999) . Studies in humans reported clearance of LPS (2 ng/kg) within 15 to 30 min (Van Deventer et al., 1990) . Clinically healthy cows cleared LPS (25 ng/kg) from the blood within 30 min (Anderson et al., 1996) . In rabbits, the metabolites of LPS were found in the bile, and up to 60% of the injected dose was eliminated in the feces (Dhainaut et al., 2001 ).
In summary, intravenous injection of S. typhimurium LPS induced rapid inflammatory responses in boilers as indicated by leukopenia, lymphopenia, heteropenia, monopenia, basopenia, and thrombocytosis at 1 h post-injection. The time-related kinetics of differential leukocytes following entotoxin administration is similar to that reported in mammals, whereas the thrombocyte response in broilers differs from the platelet response in mammalian species. Handling and bleeding also altered leukocyte profiles and elevated H:L ratios in the blood but to a lesser extent than LPS administration. Cage confinement seemed to be a stress factor to broilers because the cage group had higher H:L ratio than the floor group initially and at 8 h post-injection. Although the two groups responded similarly to the LPS challenge, the response in the floor group was less pronounced.
